1.. Introduction {#S1}
================

The global research and development efforts into various actuators and actuation systems using hydrogen absorption-desorption characteristics of metal hydride (MH) alloy keeps growing. Hydrogen storage and usage methods based on hydrogen absorption-desorption characteristics are as follows: when hydrogen pressure is higher than the hydrogen absorption, equilibrium pressure is applied on MH alloy, and the hydrogen molecules on the surface of MH alloy dissociate, causing hydrogen to be stored inside MH alloy in the form of hydrogen atoms. There are two methods for using the stored hydrogen: one is hydrogen desorption by decreasing the pressure inside the hydrogen storage container to below the hydrogen desorption equilibrium pressure and the other is hydrogen desorption by increasing the temperature of the alloy to cause the pressure inside the container to be higher than the hydrogen desorption equilibrium pressure \[[@ref001]\]. It was determined that the second method would be most useful when making devices more compact, so this device was designed and developed based on this method.

Hydrogen storage using MH alloy offers various advantages. First, hydrogen does not produce pollutants during combustion. Second, hydrogen is an excellent energy storage medium, as well as a simple fuel that can easily transition into other forms of energy \[[@ref002], [@ref003]\]. Third, hydrogen equivalent to approximately 1,000 times the existing hydrogen gas volume can be safely compressed, stored, and used in MH alloy. When hydrogen is stored inside MH alloy, solid-state storage of gaseous hydrogen takes place on the hydrogen site of the metal in the form of a MH, and because these hydrogen atoms are stored without touching the Van der Walls radius of the hydrogen molecules, a large volume of hydrogen can be stored safely \[[@ref003]\]. Hence, hydrogen storage using MH alloy offers the advantages of high hydrogen storage capacity per unit volume at room temperature, does not need a high-pressure or heat-insulating vessel, allows long-term storage, and is able to desorb high-purity hydrogen \[[@ref004], [@ref005]\].

Hydrogen storage using MH alloy attracts attention for use in hydrogen storage technology for mobile distributed power and has a high consumer acceptance with lower operating pressure than that of other storage methods when used indoors \[[@ref006], [@ref007]\]. Various types of driving systems have been developed using such MH alloys. Ino \[[@ref008]\] used carbon fiber, aramid pulp, and LaNi$_{5}$ powder in developing MH paper for use in soft actuator systems and analyzed the characteristics using Scanning Electron Microscope (SEM) and Pressure-content-temperature (PCT) analyses. The dynamic characteristics of MH paper were analyzed by using it to drive the soft MH actuator system. Madaria \[[@ref009]\] used La$_{0.8}$Ce$_{0.2}$Ni$_{5}$ alloy for comparative analysis of hydrogenation and heat transfer efficiency of MH alloy according to the MH alloy charging method and types, such as MH powder and MH pellet inside a hydrogen compressor. Meanwhile, Lloyd and Kim \[[@ref010]\] used LaNi$_{4.3}$Al$_{0.7}$ alloy in developing and driving a McKibben actuator. Sato \[[@ref011]\] used LaNi$_{4.3}$Co$_{0.5}$Mn$_{0.2}$ alloy in developing a portable rescue tool that can be used to rescue survivors during disaster by temporarily lifting collapsed building debris. The volume and pressure of desorbed hydrogen were analyzed according to heating time after applying heat (75$^{\circ}$C) and 1000 kg of load. Obara \[[@ref012]\] used LaCeNiCoMn alloy in developing a solar tracking system that can control the angle of solar panels according to the movement of the sun with MH actuators. Two MH actuators were used to change the angle of solar panels by altering the pressure based on the movement of the sun tracked over time and the resulting energy production levels were identified.

As mentioned, various systems using MH alloy have been developed and fundamental studies on changes in hydrogen absorption-desorption and heat transfer efficiency using each system have been conducted. However, not much data on quantitative analysis of the performance of driving systems using MH alloy are available. Therefore, the present study developed a driving system based on the hydrogen absorption-desorption characteristics of MH alloy according to heating and cooling and established a system that can quantitatively assess the driving system.

2.. Methods {#S2}
===========

2.1. System configuration {#S2.SS1}
-------------------------

Figure [1](#thc-28-thc209012-g001){ref-type="fig"} shows the block diagram of the driving system used for the recycling system. In the present study, electricity was applied to the Peltier elements within the MH module to desorb hydrogen by heating and cooling, which was then used to drive the actuator for assessment of the performance of the module. V1-6 and S1-4 shown in Fig. [1](#thc-28-thc209012-g001){ref-type="fig"} represent valves used to control the flow of hydrogen; V1-6 are manually controlled and valves and S1-4 are pneumatic solenoid valves that can automatically open and close using nitrogen. Because the direction of hydrogen flow changes according to the changes in temperature applied to the MH alloy, pneumatic valves were used for precise identification and calculation of flow rate under heating and cooling conditions. For future precision experiments, all valves will be switched to pneumatic valves to automate the entire experimental process.

Figure 1.Block diagram of the metal hydride actuation system.

Figure 2.Metal hydride actuation system.

Figure [2](#thc-28-thc209012-g002){ref-type="fig"}a is a photograph of the driving system. In the MH module shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}b, two Peltier elements were loaded, after which, the power supply shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}a was connected to apply electricity to control the temperature of MH alloy inside the module. Two fans were placed on each side of the module to enhance the cooling effect. As shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}c, two temperature sensors were attached to the module for real-time measurement of changes in temperature of the module according to heating and cooling. Moreover, as shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}d, the inside of the module was loaded with MH powder (75--180 $\mu$m in size). The hydrogen pressure inside the system was maintained at a constant level of 1 MPa by using a pressure controller attached to hydrogen bomb.

Figure [3](#thc-28-thc209012-g003){ref-type="fig"} shows the MH module with the Peltier elements attached. Figure [3](#thc-28-thc209012-g003){ref-type="fig"}a is the sealing pad used to prevent gas leaks, and Fig. [3](#thc-28-thc209012-g003){ref-type="fig"}b shows the top and front views of the MH alloy charging unit. Figure [3](#thc-28-thc209012-g003){ref-type="fig"}c is a photograph of the entire module, and Fig. [3](#thc-28-thc209012-g003){ref-type="fig"}d is a photograph of the Peltier elements used for temperature control. To increase the cooling efficiency during cooling using the Peltier element, the outer surface of the module was fabricated as shown in Fig. [3](#thc-28-thc209012-g003){ref-type="fig"}c to increase the specific surface area. Hydrogen paths, as shown in Fig. [3](#thc-28-thc209012-g003){ref-type="fig"}e, were created to increase the efficiency of the MH alloy and shorten the activation time by facilitating the supply of hydrogen into the MH alloy.

Figure 3.Metal hydride module with Peltier elements.

Figure 4.Mass flow controller, pneumatic solenoid valves, pressure sensor and gauge.

Figure [4](#thc-28-thc209012-g004){ref-type="fig"} is an enlarged photograph of mass flow controllers (MFCs), pneumatic solenoid valve, pressure gauge, and pressure sensor shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}a. Two MFCs (M3100VA, Linetech) were used to control the amount of each hydrogen inflow and outflow from the MH alloy to maintain a constant level. The hydrogen flow control range was 0--60 SLPM, rated pressure was 1 MPa, and the allowable temperature range was 0--50$^{\circ}$C. The pneumatic solenoid valve (DVA-4-PC, Hy-Lok) had a maximum operating pressure of 1.72 MPa, allowable temperature range of $-$23$^{\circ}$C--65$^{\circ}$C, and flow coefficient of 0.27. The range of nitrogen pressure needed for valve driving was 0.41--0.82 MPa. The pressure inside the system could be checked continuously by using the pressure sensor (PX419-1.0KG5V, OMEGA) and pressure gauge. The pressure sensor used had a measurement range of 0--6.9 MPa and allowable temperature range of $-$45$^{\circ}$C--115$^{\circ}$C. A tension/compression load cell (CBF30-20KG, CAS KOREA) was attached to the actuator to check the actual load exerted on the actuator driven by hydrogen released from the MH alloy. The load cell had a rated capacity of 20 kg$_{f}$ and rated output of 0.9--1.1 mV/V. The controlled measurement values from each device and sensor were calculated by linking the control panel created for the present study, as shown in Fig. [2](#thc-28-thc209012-g002){ref-type="fig"}a, to LabVIEW. Figure [5](#thc-28-thc209012-g005){ref-type="fig"} shows an enlarged photograph of the control panel and LabVIEW program used in the present study.

Figure 5.(a) Control panel, (b) LabVIEW software for driving the system.

Figure 6.Activation process of metal hydrides.

2.2. Experimental method {#S2.SS2}
------------------------

In order to drive the system, it is necessary to store hydrogen inside the MH alloy through an activation treatment, while simultaneously removing impurities from the alloy and creating paths for inflow and outflow of hydrogen inside the alloy. The activation method involved opening the V1, V3, V4, S3, and S4 valves to introduce hydrogen into the module containing the alloy, followed by opening the V2, V3, V4, S1, and S2 valves and using a vacuum pump to expel any various impurities, including hydrogen, from the system. This process was repeated 3--5 times. The flow of hydrogen during the activation process can be found in Fig. [6](#thc-28-thc209012-g006){ref-type="fig"}.

Figure 7.Movement of hydrogen by heating and cooling the metal hydride module.

The assessment of the MH alloy module performance using the actuator involved actuation with repeated application of heating/cooling conditions, after which pressure, flow rate, and temperature of hydrogen inside the system were calculated by LabVIEW and the values were compared and analyzed to assess the actuator performance for each experimental condition. Under the heating condition, hydrogen could be desorbed by opening the V3, V4, S1, S2, V5, and V6 valves, while under the cooling condition, hydrogen could be absorbed or reabsorbed by the MH alloy by opening the V3, V4, S3, S4, V5, and V6. By repeating this process, assessment of module performance using hydrogen absorption-desorption characteristics is possible. The flow of hydrogen in the above described process can be found in Fig. [7](#thc-28-thc209012-g007){ref-type="fig"}.

3.. Results {#S3}
===========

To test the driving performance of the MH actuation system, the actuation experiment was performed after activation using Zr$_{0.9}$Ti$_{0.1}$Cr$_{0.7}$Fe$_{1.3}$ alloy. The plateau section at PCT graph of Zr$_{0.9}$Ti$_{0.1}$Cr$_{0.7}$Fe$_{1.3}$ alloy is under 0.5 MPa in temperature of 30 $\sim$ 60$^{\circ}$C and the alloy can be activated at low pressure and low temperature \[[@ref013]\]. In further studies, the actuation system will be developed so that it can be applied to rehabilitative devices. The thermodynamic character of the alloy is suitable for application in further studies. Therefore, the Zr$_{0.9}$Ti$_{0.1}$Cr$_{0.7}$Fe$_{1.3}$ alloy was selected. After grinding the MH alloy, two types of standard sieve (75 $\mu$m and 180 $\mu$m) were used to strain powdered alloy with size of 75--180 $\mu$m, which was loaded into the MH module. Next, the module was connected to the system to undergo the activation treatment process. The activation treatment involved removal of oxides formed inside the powdered MH alloy and solid-state storage of hydrogen on the MH alloy loaded inside the module, so that hydrogen could be desorbed from the MH alloy when heat is applied \[[@ref014]\]. The details of the activation treatment of the MH alloy were as follows:

1)Prior to the activation treatment, soapy water was used to identify a possible hydrogen gas leak. After confirming that there was no hydrogen leak, the MH module containing the MH alloy was connected to the system. The connection between the module and system was checked for hydrogen gas leak.2)After confirming that there was no hydrogen gas leak in the entire system, the valve connected to the hydrogen bomb was closed and the other valve connected to the vacuum pump was opened. Then the vacuum pump was used to create a state of vacuum inside the entire system.3)After closing the valves connected to the vacuum pump, the hydrogen bomb was opened and the pressure controller was used to control the pressure of hydrogen gas inflow to 1 MPa. The valves connected to the system and the MFC in the direction of flow into the module were opened to introduce hydrogen into the module. When the pressure throughout the entire system reached 1 MPa, the valves connecting the system and hydrogen bomb were closed and soapy water was used again to check for hydrogen gas leak.4)When the pressure inside the system dropped below 1 MPa, the MFC in the direction of flow into the module was closed and the MFC in the direction of flow out from the module was opened. Next, the valves connected to the vacuum pump were opened and the vacuum pump was run for approximately 40 minutes to create a state of vacuum inside the module, causing hydrogen absorbed on the MH alloy to be desorbed \[[@ref015]\].5)After the vacuum pump stopped running, the valves connected to the vacuum pump and MFC in the direction of flow out from the module were closed and step 3) was repeated.6)After solid-state storage of hydrogen on MH by absorption was obtained using pressurization of hydrogen to 1 MPs, as described above, the vacuum pump was used to decompress the pressure inside the MH module, and the process of hydrogen desorption from the MH alloy using a vacuum was repeated four times.

The activation process was used for solid-state storage of hydrogen on the MH alloy inside the module. During the activation process, the inner pressure increased to about 1.1 MPa and the pressure decreased. The activation time tended to be shortened each time activation was repeated. Next, electricity was applied to the Peltier elements loaded inside the MH module with stored hydrogen to carry out a hydrogen desorption experiment. As the module was heated, it was confirmed that the actuator connected to the system was driven by the pressure of desorbed hydrogen from the MH module. The maximum temperature was set at 50$^{\circ}$C, and the minimum temperature was set at 20$^{\circ}$C.

4.. Discussion {#S4}
==============

In the present study, a driving system using temperature control was designed and developed. To control the temperature of MH alloy by applying electricity, two Peltier elements were attached (one in front and the other in the back). For efficient heating and cooling of the MH alloy module, two fans and a temperature sensor were set up. Two MFCs were set up to check and control the flow rate inside the module according to each process. Four pneumatic solenoid valves were used to control the direction flow according to heating and cooling conditions, while a pressure sensor and a pressure gauge were set up inside the module for precise pressure measurements during the experiment.

Furthermore, the use of two actuators allowed assessment of MH alloy performance under both heating and cooling conditions, while all values were measured and recorded via LabVIEW. Lastly, after absorption of hydrogen on Zr$_{0.9}$Ti$_{0.1}$Cr$_{0.7}$Fe$_{1.3}$ alloy by using the system to apply a pressure of 1 MPa, a vacuum pump was used for 40 minutes to desorb the absorbed hydrogen. This process was repeated four times for activation treatment of the MH alloy. High temperature was applied to the MH module containing the activated MH alloy to desorb hydrogen gas that had been stored in the solid state to ultimately test whether the system was operating. Future studies are planned to develop and fabricate MH alloys with diverse components, which will be used to test the actual driving performance using the system described in this paper.
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